Thermal decomposition of formic acid on SiO 2 , CeO 2 and -Al 2 O 3 was studied as an elementary step of reverse water-gas shit reaction (RWGS) over supported Au catalysts. -Al 2 O 3 showed the highest CO selectivity among the tested oxides in the decomposition of formic acid. Infrared spectroscopy showed the formation of four formate species on -Al 2 O 3 : three 1 -type and one 2 -type species, and these formates decomposed to CO at 473 K or higher. Au-loaded -Al 2 O 3 samples were prepared by a deposition-precipitation method and used as catalysts for RWGS. The supported Au catalyst gave CO with high selectivity over 99% from CO 2 and H 2 , which is attributed to the formation of formates on Au and subsequent decomposition to CO on -Al 2 O 3 .
Introduction
Carbon dioxide (CO 2 ) has been recognized as an abundant and inexpensive carbon resource for chemical industry [1] [2] [3] [4] . Reverse water-gas shift reaction (RWGS, equation 1) is one of the most important reactions in C1 chemistry, because the resulting carbon monoxide (CO) [5] [6] [7] [8] [9] can be utilized as feedstock for the production of valuable compounds such as methanol, dimethyl ether and hydrocarbons [5, 8] . Cu/ZnO/Al 2 O 3 is known as an active catalyst for RWGS and methanol synthesis from syngas (CO/H 2 ), and methanol can be directly obtained from CO 2 and H 2 [5, [10] [11] [12] . Methanol synthesis from CO 2 and H 2 has been currently tested in a pilot plant with a cupper-based catalyst [13] . In contrast to the direct synthesis of methanol, the production of syngas from CO 2 is one of the key technologies for sustainable chemical production, because syngas can be converted to a variety of useful compounds in the Fischer-Tropsch synthesis [5, 8, 14, 15] .
Gold (Au) nanoparticles supported on various oxides have been investigated by Haruta et al. for the hydrogenation of CO 2 [16] . CO is a main product in this system, because the Au catalysts cannot catalyze CO hydrogenation to CH 4 or CH 3 OH. Moreover, CO 2 conversion and product selectivity greatly depend on the acid-base property of the oxide supports. Au catalysts on acidic supports produce CO and a small amount of CH 4 . On the other hand, Au catalysts on basic supports give low CO 2 conversion due to a strong interaction of CO 2 with basic sites.
It is known that formate species are formed as a key intermediate in the CO 2 hydrogenation over Au catalysts [5, [17] [18] [19] [20] . Since Au nanoparticles do not decompose the formate species [20, 21] ). The outlet gas was analyzed by gas chromatography (Shimadzu GC 8A, thermal conductivity detector, active carbon column (2 m), temperature 383 K) to monitor the evolved CO and CO 2 . FT-IR spectra were obtained at a resolution of 1 cm 1 using a spectrometer (Spectrum 100, PerkinElmer) equipped with a mercury cadmium telluride (MCT) detector. A total of 16 scans were averaged for each spectrum. Deconvolution of peaks was performed by assuming Gaussian profiles of the peaks.
Catalyst preparation and catalytic reaction
An Au-loaded Al 2 O 3 sample was prepared by a deposition-precipitation (DP) method [22] . UV detector) with a Shodex Sugar SH-1011 column (ø8×300 mm, eluent: water 0.5 mL min 1 , 323 K).
The outlet gas was analyzed by gas chromatography (Shimadzu GC 8A, thermal conductivity detector, active carbon column (2 m), temperature 383 K).
Results and discussion

Thermal decomposition of formic acid on metal oxides
Thermal decomposition of formic acid produces CO 2 +H 2 or CO+H 2 O (equation 2). In the reaction from the left to the right (RWGS), formic acid (HCOOH) is assumed to be an intermediate and selective
decomposition of HCOOH to CO is important. Hence, the effect of supports on the decomposition of HCOOH was studied.
Here we used three metal oxides for the decomposition of HCOOH into CO to find the most appropriate support of Au for RWGS. (Figure 3a ) [23] . Hence, the bands at 2892, 1678, 1323 cm 1 in Figure 2 are assignable to (C-H) , (C=O) (Figure 4b) . It is clearly shown that the decrease in band intensity for the three 1 species is well correlated with the increase in CO formation, which
indicates that CO formation occurs by the decomposition of the 1 species. In contrast, the 2 species shows higher thermal stability; most 2 species remains at ca. 573 K. Therefore, CO formation at higher temperature is mainly due to the decomposition of the 2 species. 
Hydrogenation of carbon dioxide over alumina supported gold catalyst
As described in the previous section, formate species formed in adsorption of HCOOH on Al 2 O 3 are readily decomposed to CO at above 483 K; therefore, it is expected that the introduction of Au nanoparticles on Al 2 O 3 gives CO via HCOOH from CO 2 and H 2 [16] . Al 2 O 3 -supported Au catalysts were prepared by a deposition-precipitation (DP) method and an impregnation method (Imp). RWGS was conducted at 623 K and 1 atm with a gas hourly space velocity (GHSV) of 4000 mL g
A control experiment in the absence of catalyst gave no reaction ( Table 2 , entry 1). Au-Imp showed a very low CO 2 conversion (2.0%) (entry 2), but Au-DP gave 20% CO 2 conversion with high CO selectivity over 99% (entry 3). Accordingly, Au nanoparticles on Al 2 O 3 can quantitatively produce CO even under atmospheric pressure. CO 2 equilibrium conversion is estimated to be ca. 38% under the reaction conditions by chemical thermodynamic parameters [27] . (Figure 4b ).
Moreover, Au nanoparticles cannot adsorb and decompose formate species [21] , which means that they are formed by Au nanoparticle and stabilized on Al 2 O 3 support before subsequent decomposition into CO and H 2 O. Au-DP is therefore an effective catalyst for selective formation of CO from a mixture of CO 2 and H 2 . Figure 7 . DRIFT spectra of Au-DP at different temperatures under a gas flow of H 2 and CO 2 . deposition-precipitation method, and this catalyst gave CO with high selectivity (> 99%).
Conclusions
